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In this study we show that IL-4 is crucial during reinforcement window of human Th2 differentiation for
optimal Th2 development. We have also shown here that during this stage, IL-4 helps in cellular
decision-making process of differentiation versus proliferation. We have combined computational and
experimental methods to analyze Th2 transcription network to name novel players of the process of Th2
differentiation. Here we report that LIF through STAT3 negatively regulates Th2 differentiation. This
approach can be generalized to analyze ‘‘omics’’ data to identify key regulatory modules.
T
he process of Th2differentiation is composed of three separate stages namely, initiation, reinforcement and
maintenance
1. During initiation signaling downstream of TCR and IL-4R cooperate to activate proper
signaling network required for Th2 differentiation to begin. This activates many transcription factors
including STAT6 and GATA3 that then regulate IL4 transcription. In the second stage, this endogenous IL-4
further feeds back through IL-4R to reinforce its own expression. And finally the last stage is marked by the
culmination oftheprocessthroughepigenetic changesintheIL4locus.Th2celldifferentiation isoneof themost
studied systems of cellular differentiation and the contributions many of the important players of the process are
well documented particularly in mouse system
2–12. We have previously attempted at building a holistic model of
human Th2 differentiation process
13–15 and were the first to show gene expression kinetics and identify STAT6
targets during early human Th2 differentiation
16. However, systems level understanding of later stages of Th2
differentiation is yet to be achieved.
In recent years, knowledge based methods such as Gene Set Enrichment Analysis at Broad Institute
17 and
Explain analysis system
18 of Biobase database have been developed to aid in extracting biologically interesting
information using the genome wide transcriptome data.
AlthoughtherequirementofIL-4forTh2differentiationwasknown,wewantedtoinvestigatetheeffectsofIL-
4Rsignalingduringreinforcementwindowoftheprocess.Anunbiasedglobaltranscriptomeprofilingalongwith
GSEA was used to identify all the relevant pathways over represented during the process. Using a network
approach we also identified hubs of Th2 transcription network that may be crucial for Th2 development. We
further experimentally characterized one of the master regulator STAT3 and its upstream protein Leukemia
inhibitory factor (LIF). LIF is a pleiotropic glycoprotein of IL-6 family. Its role has been well characterized in
maintaining pluripotency in stem cells and in the context of Th cell differentiation it has been shown to suppress
Th17 phenotype
19. Here we begin to characterize the role this protein in human Th2 cell development.
Results
Continuous presence of IL-4 is required for optimal Th2 development. IL-4 drives both the initiation and the
reinforcement stages of the Th2 polarization response
1,20. In view of the kinetics of the process though, we
speculated that endogenous IL-4 would be specifically involved during the reinforcement/commitment of Th2
lineagespecification. TotestthiswegeneratedparallelculturesofeitherThactivation, orTh2differentiation and
addedtotheseacombinationofneutralizingantibodiesagainstIL-4andIL-4R.Antibodieswerefirstaddedatday
three after initiation of the cultures, and then supplemented every 24 h up to day 5. This timing of addition was
basedonthefactthatIL-4transcriptionpeaksataroundday3poststimulation
7.NeutralizationofexogenousIL-4
significantly reduced the extent of Th2 cell generation (P #0.05, Figure 1a). Further, this inhibition was also
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SCIENTIFIC REPORTS | 2 : 464 | DOI: 10.1038/srep00464 1observed in TCR activated T cells (‘‘Data not shown’’), supporting
that this was likely due to depletion of the endogenously produced
cytokine (Figure 1a). The partial attenuation seen may well derive
from the possibility that the added antibodies were only partly
effective at neutralizing the autocrine/paracrine action of the
endogenously produced IL-4.
WealsoprobedthepuzzlingquestionofwhyendogenousIL-4was
necessary even under Th2 polarizing conditions, where a saturating
amountof exogenousIL-4wasaddedatthe beginning ofthe culture.
For this, we collected supernatants at regular intervals from cultures
ofnaivecellssubjectedtoTh2polarization,andestimatedamountof
IL-4 present. In parallel, we also took aliquots of the cells at select
time points to determine the levels of surface expression of the IL-4
receptor (IL-4R). We found that the concentration of the externally
added IL-4 was continuously declining such that IL-4 levels were
barely detectable by 120 hours. Interestingly, this decline correlated
wellwithareciprocalincreaseincellsurfaceexpressionofIL-4Rthat
wasevidentfromthe48hourstimepointonwards(Figure1b).Thus,
the observed decrease in IL-4 concentration in the culture super-
natants likely derives from its consumption by IL-4R, whose surface
levels were rapidly being upregulated over the same time span. This
would then rationalize the requirement for endogenous IL-4, during
the later stages of polarization.
Endogenous IL-4 helps in differentiation versus proliferation
decision making process. We recently showed that ERK regulates
human Th2 differentiation and it does so by activating IL-4
transcription and that siRNA mediated silencing of ERK leads to
significant reduction in number of IL-4 producing cells
7. Therefore
we wanted to test whether endogenous IL-4 helps in decision of
proliferation versus differentiation processes of the cell. For this,
GFP- or ERK-silenced cells were labeled with CFSE and their
proliferation rates were compared under conditions of Th2 pola-
rization. Relative to that of GFP-silenced cells, depletion of ERK
resulted in a significant increase in the number of cell doublings by
day 6 of the culture. The addition of IL-4 at and after day 3 to day 5,
however,substantiallyreversed thiseffect(Figure 1c)suggestingthat
continuous presence of endogenous IL-4 during the process of Th2
differentiation may act by limiting the proliferative capacity of cells
and, presumably, thereby biasing towards differentiation.
Atthisjuncture,itwasofinteresttoinvestigatetheglobaleffectsof
IL-4during reinforcementstage ofTh2differentiation. Wedeployed
similar neutralization strategy as in Figure 1a. Whole genome tran-
scription profiling was done to identify the target of IL-4 and even-
tually novel players of Th2 transcription network.
Identification of differentially regulated genes. To recapitulate the
methodology, Stimulation of cells was done at day 0 through TCR
in the presence of IL-4 and at day 3 half the cells were treated with
anti IL-4 and anti-IL-4R neutralizing antibodies. RNA was isolated
and hybridized to a human genome array. Feature extraction and
normalization was done as described in the methods section. Dif-
ferentiallyexpressedgenesthusidentifiedareshowninTable1.More
than 3000 genes were upregulated in both the samples as compared
to unstimulated cells, and similar statistics were obtained for down
regulated genes. The complete list of differentially regulated genes
Figure 1 | Continuous IL-4 is required for optimal Th2 development. Panel a shows results of IL-4 ELISPOT experiments. Culture conditions are
mentioned at the bottom. Error bars represent standard error ofmean and * denotes significant (pvalue 0.017) difference between the twosample (Two
tailed paired sample t test). In panel b blue line represents IL-4 level detected in the supernatant at given time points and red line is a measure of IL-4R
expression level at corresponding time points. Panel c shows a result obtained in a CFSE labeling experiment in ERK silenced cells. Red, blue and green
colors represent not activated, TCR 1 IL-4 stimulated and TCR 1 IL-4 stimulated at day 1 followed by additional doses of IL-4 at day 3,4 and 5. Less
fluorescence indicates more cell divisions because as the cells divide fluorescent label is diluted.
www.nature.com/scientificreports
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GSE 16022).
Identification of IL-4 dependent genes their GO classes. IL-4
dependent genes were identified using the methodology detailed in
themethodsection.Theexerciseresultedinidentificationof128IL-4
dependent upregulated genes, and 151 IL-4 dependent down
regulated genes. The list of these up and down regulated genes
along with their functions, as described in Biobase Knowledge
Library, (BKL) (www.biobase-international.com) are given as
Supplementary Table 2 and 3 respectively. To identify if any Gene
Ontology (GO) classes are enriched in any of these two differentially
expressed gene sets, GO analysis was performed on ‘‘Explain
Analysis System’’ of Biobase (TRANSFAC) database. Many GO
classes were enriched in the upregulated gene set including cell
activation, cell differentiation and regulation of T cell anergy at the
pvaluethresholdof0.01asshowninFigure2.Howeveratthiscutoff
only two GO classes were enriched in down regulated gene set
(Developmental process and Multi-cellular organismal process)
and the overall low enrichment was retained even at p value
threshold of 0.1. The observed difference in the enrichment in the
two classes may partly be attributed to the ability of IL-4 to
specifically upregulate target genes.
MATCH analysis identifies key TFBS in the promoter of IL-4
dependent genes. Further to identify which transcription factors
might be important in regulating the expression of these genes,
MATCH analysis was done again on ‘‘Explain Analysis System’’ of
Biobase database. MATCH analysis was done on three test-
background set combinations. In the first two cases up and down
regulated gene sets were each used as test set against the background
of human house keeping gene promoter sets. In the third analysis,
TFBS search was performed in the upregulated set down regulated
sets using downregulated set as background. Results are displayed in
Table 2. Enriched matrices are shown along with Yes/No ratio and p
value. ‘‘Yes/No’’ is the ratio of the average number of putative
binding sites per 1000 base pair for the query and the background
sets. Value greater than 1 indicates an over representation of the
motif in the query set.
Only two matrices were enriched in Up versus Down MATCH
(Table4)analysispointingtowardsthefactthatmostoftranscription
factors (TFs) required for up and down regulation are probably the
same in case of IL-4. However, two matrices unique to upregulated
group are V$HTF_01 (‘‘V$’’ is matrix nomenclature adapted by
TRANSFAC database) and V$NFKB_C. Although NFKB is a well
studied molecule and known to function in IL-4 dependent Th2
differentiation process
21, role of Xbp-1 (TF represented by V$HTF)
in T cell activation or differentiation is not investigated. Xbp-1 is
known to be necessary for plasma B cell differentiation and this
analysis suggest future experiment for investigating the role of this
molecule in T cell differentiation.
A closer look at Table 2 and 3 also suggests that there are two
matricesthatare presentinUp versus housekeepingcomparison but
absent in Down versus housekeeping comparison and these are
NFKB and MYOD suggesting that MYOD, which is critical for mus-
cle cell differentiation, could also play a prominent role in T cell
differentiation.
Gene Set Enrichment Analysis of whole dataset reveals significant
enriched pathways. Analysis of gene expression data by identify-
ing differentially expressed genes and interpreting biological infor-
mation independently for each gene has several limitation as
outlined elsewhere
17. These include low signal to noise ratio owing
tohighnoiseinmicroarraydata,andthepossibilityofmissingcrucial
effects on pathways. GSEA, on the contrary, analyzes whole data at
biological pathway level by performing unbiased global searches for
genes that are coordinately up or down regulated in predefined
biological gene sets. GSEA first ranks the original microarray data
onthebasisofexpressionprofileintwogroupstestandcontrol.And
then in the ranked list it asks whether a significant number of genes
from predefined biological sets occur towards the top or bottom of
ranked list.
To identify pathways enriched in TIL4 treated samples over the
samples treated with neutralizing antibodies, GSEA was performed
onday6transcriptiondata.ResultsareshowninTable5.Overviewof
GSEA analysis is illustrated in Figure 3a and b. Panel a shows distri-
bution of enrichment score (ES) of all the gene sets enriched. On the
X axis, gene sets that are present before ‘‘0’’ mark were overrepre-
sented in the background set and those that are present after it were
thesetsenrichedinthetestset(TIL4asopposedtoTIL4ABSgroup).
AdotplotofsignificanceandNormalizedEnrichmentScoreNESfor
is given in Figure 3b. This Figure (Figure 3b) shows that gene sets
bearingNES,eitherlessthan-1ormorethan11aresignificantatthe
cutoffFDRqvalueoflessthan25%.AlthoughinTIL4ABSsamples,
there were many gene sets with nominal p value less than 0.25, or
even 0.05, but none of them was enriched at FDR q value of less than
0.25. The nominal p value is less relevant for comparing across the
gene sets than FDR q value. Parameters used for the analysis are
detailed in Methods section. Details on statistics used are described
elsewhere
17.AsshowninTable 5manypathways known tobeassoc-
iated with cytokine signaling were enriched in TCR 1 IL-4 treated
sample. Enriched pathways can be classified under the heads of
signaling pathways and metabolic pathways.
Signaling pathways associated with IL-4. Many of the signaling
pathways known to be essential for T cell activation and
differentiation are enriched in TCR 1 IL-4 treated samples.
Although the genes in these pathways were marginally upregulated
and would have been missed these in a single gene analysis, GSEA
successfully identifies pathways known to be central in transducing
cytokine signal owing to its ability to analyze the whole
transcriptome data at pathway level. The most significant hit was
JAK-STAT pathway followed by ‘‘Cytokine and cytokine receptor
interaction’’. None of these pathways came as a surprise because
these were expected to be enriched.
Gene set ‘‘Differentiation pathway in PC12 cells’’ from STKE
(Signal Transduction Knowledge Environment) is significantly
enriched atFDRqvalue ofless than0.04indicating that thepathway
is enriched in TIL4 samples at the highest level of significance (Less
significant but acceptable levels for FDR q value being 0.1 and 0.25).
It may, therefore, be of critical importance to study some of the
enriched genes from this pathway for their involvement in T helper
cell differentiation. Some of the core-enriched genes from this path-
way such as Egr1/2/3 are already known to be important for Th1/2
differentiation
22,23. Other signaling pathways enriched were
Calcineurine NF-AT signaling and ATR BRCA pathway. Because
Calcineurine NFAT signaling plays a crucial role in T cell activation,
enrichment of this pathway along with other pathway of known
implications in Th2 differentiation strengthen the reliability of
GSEA results.
Although IL-4 is known to have both positive and negative effects
in various types of cancers
24–27 its association to leukemia’s of
Fanconi anemia (FA) type has not been investigated in detail.
Enrichment of ATR BRCA pathway that has many genes common
Table 1 | Differentially regulated genes in different samples
Upregulated Downregulated
TCR 1 IL-4 3638 3300
TCR 1 IL-4 1 ABS 3686 3680
IL-4 Dependent Genes 128 151
www.nature.com/scientificreports
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nancies.CellcyclePathwayisalsoenriched,albeitatlowsignificance
(FDR q value 0.21). Core enriched genes of this pathway are pro-
proliferative and probably signal for ‘‘go ahead’’ to the cell cycle at
various stages. These genes include CCND2 (required for G1/S tran-
sition), CDC25C (triggers mitosis and suppresses growth arrest by
p53) and CCNA (required both at the start and G2/M transition).
The whole list of coordinately upregulated genes in all the enriched
pathways is given as Supple Table II. A closer inspection of the
ranked list reveals many noteworthy points. For example, DUSP2
and DUSP9, which are known to dephosphorylate ERK, are at the
bottom of the ranked list while other dual specificity phosphatase,
DUSP13, which is not specific for ERK1/2, is towards the top indi-
cating the possibility that ERK1/2 plays adominant role in transmit-
ting signals from IL-4R.
Metabolic Pathways associated with IL-4. Metabolic pathways
enriched were Folate biosynthesis, amino acid and prostaglandin
metabolism as outlined in Table 5. Folate plays a critical role in
protein and nucleic acid synthesis
28, and low Folate level has been
associated with decreased expression of immune related proteins
especially those involved in inflammation and complement
Figure 2 | Gene Ontology of IL-4 dependent upregulated genes. Enriched gene ontology (GO) categories in IL-4 dependent upregulated genes using human
housekeeping genes as a background set. Blue bar represents actual enriched number of genes while red bar represents expected enrichment by chance.
www.nature.com/scientificreports
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29,30. Given its functions it was cogent for it to be crucial in
the pro-proliferative function of IL-4, which explains its enrichment
in TIL4 group over TIL4ABS group. Genes from enriched
metabolism pathways listed in Table 5 suggest that differentiation
supports or requires synthesis of more amino acids of acidic nature
(ASP GLU) while at the same time degrading hydrophobic residue
(ALA) indicating the possibility of existence of preference for amino
acids of a kind for a particular cellular process. Although this may be
exciting, it requires further experimental validation.
Network of core enriched genes follow a power law degree
distribution. Although analysis of individual enriched pathways
gave fascinating insights into the pleiotropic functions of IL-4, it
was pertinent to study whether these individual pathways integrate
to form a functional network. For this, a functional association
network was made out of all core enriched genes from all enriched
pathways using STRING database. No additional white nodes
(Additional interactors in the literature but not in the input data)
were allowed to ensure that only associations among this set of
proteins be picked up. The functional association networks thus
generated (Figure 3c) followed scale free topology (Figure 3d),
which is said to be existing in a network if the degree distribution
follows the power law. Power law in this context would mean that
there are extremely few nodes with exceedingly high degree while a
majority of the nodes only have few edges. This hub topological
feature of biological networks make them robust against random
node failure.
STAT3 and JUN are key nodes of Th2 network at day 6. The
network thus generated was analyzed using ‘‘network analyzer’’
plug-in of Cytoscape. This plug-in calculated all the relevant
parameters such as degree, clustering coefficient and other
Table 2 | Overrepresented matrices in IL-4 dependent upregulated
genes. Promoters of human house keeping genes were taken as
backgroundset.Yes/Noistheratioofoccurrenceofthesematrices
in test and background set
Matrix name Yes/No P-value
V$AP1_C 1.1373 0.000
V$CEBP_Q2_01 1.1052 0.005
V$CEBP_Q3 1.1191 0.001
V$CEBPB_01 1.1518 0.001
V$CEBPB_02 1.156 0.001
V$CEBPGAMMA_Q6 1.3287 0.000
V$E12_Q6 1.3096 0.001
V$E2A_Q2 1.2657 0.007
V$E2A_Q6 1.2712 0.001
V$E47_01 1.3222 0.000
V$E47_02 1.2744 0.001
V$EBOX_Q6_01 1.2207 0.000
V$FOXO4_01 1.2718 0.003
V$FOXO4_02 1.1895 0.001
V$GATA3_03 1.1256 0.004
V$HMGIY_Q3 1.5328 0.000
V$IRF2_01 1.4039 0.009
V$IRF_Q6_01 1.2397 0.000
V$LEF1_Q2 1.1034 0.003
V$LEF1_Q2_01 1.2437 0.009
V$LEF1TCF1_Q4 1.1359 0.004
V$LMO2COM_01 1.2777 0.001
V$MYOD_Q6_01 1.2051 0.005
V$NFKAPPAB_01 1.1103 0.006
V$OCT1_01 1.3849 0.000
V$OCT1_02 1.1441 0.001
V$OCT1_04 1.5574 0.000
V$OCT1_05 1.3651 0.003
V$OCT1_06 1.3025 0.000
V$OCT1_07 1.422 0.000
V$OCT1_B 1.3286 0.000
V$OCT1_Q5_01 1.3137 0.000
V$OCT1_Q6 1.2044 0.003
V$OCT_C 1.2071 0.000
V$OCT_Q6 1.3224 0.000
V$SOX_Q6 1.1702 0.000
V$STAT_01 1.2474 0.001
V$TATA_01 1.4071 0.000
V$TBP_Q6 1.2767 0.000
V$YY1_01 1.1021 0.002
Table 3 | Overrepresented matrices in IL-4 dependent downregu-
lated genes. Promoters of human house keeping genes were taken
as background set. Yes/No is the ratio of occurrence of these mat-
rices in test and background set
Matrix name Yes/No P-value
V$AP1_01 1.205 0.000
V$AP1_C 1.3405 0.000
V$CEBP_Q2_01 1.2731 0.000
V$CEBP_Q3 1.2553 0.000
V$CEBPB_01 1.3246 0.000
V$CEBPB_02 1.2979 0.000
V$CEBPDELTA_Q6 1.3411 0.000
V$CEBPGAMMA_Q6 1.4482 0.000
V$E2A_Q6 1.2531 0.001
V$E47_01 1.2284 0.006
V$E47_02 1.2884 0.001
V$EBOX_Q6_01 1.2466 0.000
V$FOXO4_01 1.5627 0.000
V$FOXO4_02 1.4478 0.000
V$GATA_C 1.2076 0.000
V$GATA_Q6 1.3056 0.000
V$GATA3_02 1.3429 0.000
V$GATA3_03 1.2502 0.000
V$HMGIY_Q3 1.6228 0.000
V$IRF_Q6 1.6027 0.005
V$IRF_Q6_01 1.4153 0.000
V$IRF1_01 1.5781 0.003
V$IRF1_Q6 1.3482 0.000
V$LEF1_Q2_01 1.3735 0.000
V$LEF1TCF1_Q4 1.2864 0.000
V$LMO2COM_01 1.2579 0.002
V$LMO2COM_02 1.3388 0.009
V$OCT_C 1.3966 0.000
V$OCT_Q6 1.5614 0.000
V$OCT1_01 1.6683 0.000
V$OCT1_02 1.4038 0.000
V$OCT1_04 1.7378 0.000
V$OCT1_05 1.6232 0.000
V$OCT1_06 1.5706 0.000
V$OCT1_07 1.9252 0.000
V$OCT1_B 1.648 0.000
V$OCT1_Q5_01 1.6103 0.000
V$OCT1_Q6 1.4729 0.000
V$SOX_Q6 1.2634 0.000
V$STAT_01 1.277 0.000
V$STAT1_05 1.216 0.003
V$TATA_01 1.5219 0.000
V$TBP_Q6 1.4944 0.000
V$YY1_01 1.2633 0.000
Table 4 | Overrepresented matrices in IL-4 dependent upregulated
gene set with downregulated genes as background set
Matrix name Yes/No P-value
V$HTF_01 1.2341 0.00043443
V$NFKB_C 1.2448 0.0025
www.nature.com/scientificreports
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parameter, which, for a vertex, is a measure of how frequently the
vertexliesonarandomlychosenshortestpath.Itshowshowmuchis
the load share of this vertex in a network
31 meaning the extent of
information flow through this node. Both node size and intensity of
color represent Betweenness centrality. As is evident PCNA, STAT3
and JUN as the nodes of highest ‘‘importance’’(Figure 3b). The
observation that STAT3 is coming as a key regulatory node as
Table 5 | GSEA enriched pathways at day 6. Only pathways that are enriched at p value threshold of 0.05 and FDR q value of 0.25 are
shown
Name of the enriched pathway NES NOM p value FDR q value
JAK-STAT pathway 1.94 0.00 0.04
Differentiation pathway in PC12 cells 1.91 0.00 0.04
Cytokine-cytokine receptor interation 1.88 0.00 0.05
Folate biosynthesis 1.86 0.00 0.05
Hematopoietic cell lineage 1.83 0.00 0.06
DNA replication reactome 1.74 0.00 0.12
Valine, Leucine and Isoleucine degradation 1.70 0.01 0.17
Prostaglandin and leukotriene metabolism 1.69 0.01 0.17
Calcineurine NF-AT signaling 1.66 0.01 0.19
Alanine and Aspartate metabolism 1.66 0.02 0.18
ATR BRCA pathway 1.64 0.02 0.19
Glutamate metabolism 1.64 0.02 0.17
Cell cycle 1.61 0.00 0.21
GPCRR DB 1.58 0.05 0.25
Figure 3 | GeneSetEnrichmentAnalysis(GSEA). Panelashowsenrichmentscore(ES)distributionofalltheenrichedgenesets.Panelbshowsvariation
ofpvalue(Red)andqvalue(Blue)withNormalizedEnrichmentScore(NES).Pleaseseetextfordetail.Panelcisanetworkofallcoreenrichedgenesofall
the pathways taken together. Node size is a measure of Betweenness Centrality (BC). Larger is the size higher is the BC. Nodes with highest BC values are
highlighted in yellow. Panel d shows degree distribution of network shown in panel c with fitted power law line.
www.nature.com/scientificreports
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STAT3, along with GATA3, was known to be the lineage specific
transcription factor for Th2 development
4,6,9. However, a recent
report showed that STAT3 synergizes with STAT6 to give optimal
Th2 development
5.
LIF-IL-6-STAT3 axis may regulate outcome of Th2 differentiation.
Next we sought to investigate which upstream molecules control
STAT3 activity during Th2 development. All the known upstream
molecules that target STAT3 were searched in the microarray data.
We found that LIF was the only molecule that was going up in TCR 1
IL-4 treated sample as compared to the unstimulated and this
upregulation was reversed upon addition of neutralization antibody
against IL-4 and IL-4R (Figure 4a). Given the role of LIF as a negative
regulator of Th17 differentiation
19and the fact that STAT3 is a known
target of LIF and that STAT3 is a positive regulator of Th2
differentiation
5, we hypothesized that LIF may positively regulate
Th2 differentiation.
To investigate the role of LIF in Th2 development we decided to
test:A)whetherLIF issecreted byTh2cells,B)canLIF substitute for
IL-4 in Th2 development and C) what is the effect of LIF on phos-
phorylation of STAT3.
LIFissecreted byTh2cells.LIF isknowntobesecreted byactivated
T cells
32,33, so here we sought to investigate if LIF is secreted in the
supernatant of T cell cultures which are differentiated in Th2
environment for 7 days. Results are shown in Figure 4c. Although
the overall expression is very low (in pg only), a definite trend can be
seen. TCR 1 IL-4 1 anti-IFNc sample had highest LIF secretion
followed by TCR 1 IL-4 and TCR alone. Interestingly in the sample
where IL-4 signaling was blocked at the later stage, the level of LIF
wascomparabletothatwhatisproducedintheunstimulatedsample
suggesting that possibly Th2 cells produce more LIF than other
subsets. At the mRNA level also, the TCR 1 IL-4 samples had
significantly higher level of LIF over TCR 1 IL-4 1 anti-IL-4
samples. Given the known antagonism of LIF and IL-6 we also
checked the expression of IL-6 in the whole genome transcriptome
data and found that indeed there exists antipathy between the two
(Figure 4d-e).
LIF negatively regulates Th2 differentiation. To address whether
LIF has positive or negative effect on Th2 development, cells were
stimulated through TCR in the presence of cytokine and or neu-
tralizing antibody as mentioned in the Figure 4b. Stimulation
media were supplemented again at day 3, and after 6 days cells
Figure 4 | LIFissecretedbyth2cellsanditnegativelyregulatesIL-4production. PanelashowsmRNAexpressionprofileofSTAT3upstreammolecules.
PanelbshowsELISPOTresults forIL-4producingcellsindifferentially activated populations.Panel cshowsresultsobtainedinLIFELISAexperiments.
PaneldandearemRNAexpressiondataadaptedformmicroarrayofLIFandIL-6respectively.Foldchangeiscalculatedwithrespecttountreatedsample.
Inallcasesmeanofthreebiologicalandtwotechnicalreplicatesareshown.Errorbarsrepresentstandarddeviationand*representssignificanceatpvalue
of less than 0.05 (see text).
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 2 : 464 | DOI: 10.1038/srep00464 7werewashed and restimulated with PMAfor24hoursand ELISPOT
assay was done to determine the fraction of IL-4 secreting cells. As
expected more IL-4 producing cells were produced where IL-4 was
present (TCR 1 IL-4) during trigger, as opposed to those where no
IL-4 was added initially. Most notably though, addition of anti-LIF
neutralizing antibody yielded exactly the opposite result and IL-4
producing cell population grew significantly over TCR 1 IL-4
sample. Even in the presence of anti-IFNc, LIF appears to down-
grade development of Th2 differentiation (Figure 4b). Thus, overall
interpretation of Figure 4b supports the notion that LIF is a negative
regulator of Th2 differentiation process. This role of LIF is in line
with its role in promoting stemness in stem cells
34 and preventing it
from differentiating to any lineages.
LIF down modulates STAT3 phosphorylation. A recent study
reported the role of STAT3 in Th2 differentiation and there it was
observed that STAT3 phosphorylation peaks at day 3 followed by a
steady decline. We, therefore, studied STAT3 phosphorylation by
LIF and IL-4 at day 3 post stimulation. Figure 5a shows pSTAT3
profile either in unstimulated cells (Red) or after TCR triggering in
presence (Green) or absence (Blue) of IL-4. We observed that both
TCR and TCR 1 IL-4 show similar profile with TCR 1 IL-4 having
slightly more phosphorylation than TCR alone. TCR 1 LIF treated
cells, on the other hand, had much less phosphorylation, as
compared to TCR or TCR 1 IL-4 treated cells suggesting that LIF
may inhibit sustained STAT3 phosphorylation (Figure 5b). We also
observed pSTAT3 level in the presence of anti-IFNc and found that
theprofileforTCR1IL-4inthepresence(Blue)orabsence(Red)of
anti-IFNc were similar (Figure 5c). Thus, taken together results in
Figure 5 suggest that although LIF is secreted by Th2 cells it inhibits
the differentiation of naı ¨ve cells into Th2 by reducing sustained
phosphorylation of STAT3.
Discussion
IL-4 is a not only a signature cytokine for Th2 but also elementally
required for Th2 development. It has been shown that even TCR
stimulus is sufficient to drive naı ¨ve CD4 positive cells toward Th2
suggesting that during initial trigger, presence of IL-4 was not essen-
tial
35,36. However, we report here that during reinforcement window
itisrequiredforoptimalTh2developmentasblockingIL-4signaling
during this period resulted in significant decline in number of Th2
cells generated at the end of the culture period.
In order to get a global understanding of the process and to
identify all the targets of IL-4 during this window, complete
transcriptome analysis was done. Transcription factor binding site
search of IL-4 dependent upregulated genes led to identification of
IRF2 binding site in these genes, which competitively inhibits IRF1
mediated transcriptional activation of interferon genes. GSEA is
knowledge based recent method extensively used (2476 citations as
of 9
th April 2012) for analyzing transcription data
17. Here in this
study GSEA has been used to identify IL-4 dependent pathways.
Core enriched genes of each of these pathways were then separately
analyzed using a network based approach. On one hand, this study
givesadditionalinsightintotheprocessofTh2differentiationandon
the other it represents an approach that can be adapted to analyze
high throughput ‘‘omics’’ data for key regulatory modules.
The point that STAT3 is emerging as a crucial node in day 6 Th2
transcription network goes hand in hand with the observation that
STAT3 binding site is present in IL4 promoter, and also the recent
report that STAT3 is indeed required for optimal Th2 development.
It may also be worth mentioning that a similar analysis of day 2 data
suggested a significant role for SHC-1 adapter molecule during early
Th2 development (‘‘Unpublished observation’’). Since STAT3 was
already a known player of Th2 differentiation, we hypothesized that
there may be upstream molecules that regulate STAT3 activity and
therebyTh2differentiation.LIF,OncostatinM(OSM)andProlactin
were upregulated in differentiated Th2 cells, but only LIF was
selected for detailed analysis because LIF and OSM belong to the
same family of cytokines and the two also shared a receptor chain
to transmit the signal. LIF is known to function both in favoring
differentiation in some cell types, and inhibiting differentiation in
stem cells where it helps to maintain self renewing phenotypes.
Recently it was shown to inhibit Th17 cell differentiation, and there-
fore we thought that it might promote the Th2 phenotype. At the
same time given its opposite role in different situations it was appro-
priate to rationalize that it may inhibit Th2 development. Thus in
these settings, as shown, LIF inhibited Th2 differentiation by pre-
ventingsustained phosphorylation ofSTAT3. Itis alsofascinating to
note that although stimulation with LIF alone led to substantial
reduction in STAT3 phosphorylation, this effect was reversed when
anti-IFNc was present during stimulation. Thus, while LIF is
secreted by Th2 cells, albeit in low amounts, it negatively feeds back
into IL-4 by down regulating Th2 differentiation.
Methods
Reagentsandcellculture.AllcellcultureexperimentswereperformedinRPMI1640
media supplemented with penicillin (100 U/ml)/streptomycin (100 mg/ml) and 10%
FCS(LifeTechnologies).CD4
1TcellpositiveisolationkitswereobtainedfromDynal
Figure 5 | STAT3 Phosphorylation in response to different stimuli. Panel a shows pSTAT3 profile obtained in a flow experiment. Unstimulated, TCR
triggered and TCR 1 IL4 treated samples are show in Red, Blue or Green color respectively. In panel b Red is TCR 1 IL-4 treated, Blue is TCR 1 LIF
treated, green is TCR 1 anti-LIF treated. In panel c TCR 1 IL-4 is Red TCR 1 IL-4 1 anti-IFNG is Blue and TCR 1 LIF 1 anti-IFNG is green. Results
represent experiment done at least in duplicate.
www.nature.com/scientificreports
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neutralizing antibodies, were procured from R & D Systems. Phycolpaque was
obtained from Amersham Pharmacia Biotech. Anti-human CD3 and CD28 were
obtained from BD Biosciences.
Isolation of human CD4
1 lymphocytes from umbilical cord blood and their
stimulation. We obtained approval for this work by the institutional ethics
committee of International Centre for Genetic Engineering and Biotechnology, and
humanbloodsampleswereobtainedwithwritteninformedconsent.PurifiedCD4
1T
cells were isolatedfrom cord blood mononuclearcells (CBMCs)using positive CD4
1
T cell isolation kits from Dynal following manufacturers protocol. The resulting
populationswere.98%viable,.98%CD3
1,CD4
1andCD45RA
1Tcells.Thesecells
were stimulated with plate bound anti-CD3 (2.5 ug/ml in PBS) and 500 ng/ml
soluble anti-CD28 Monoclonal Ab in the presence recombinant human IL-4
(Referred as TIL4 stimulation in the text) orTCRstimulationin presence of antiIL-4
andantiIL-4Rneutralizingantibodies(ReferredasABSstimulationinthetext).rhIL-
2 (17 ng/ml) was added 48 hours after the initiation of polarization. Cell
concentration was maintained in the range of 0.5–2 x 10
6 cells/ml.
Transfection of cells with siRNA. Nucleofections were carried out in 100 ml Opti-
MEM I (Invitrogen, Carlsbad, CA, USA) using Nucleofector
TM device (Amaxa,
Cologne, Germany)
16,37. After electric shock cuvette was left unattended for 10
minutes following which cells were transferred to culture plates in 10% complete
RPMI medium. After 36 hours the cells were harvested, lysed in lysis buffer and the
efficiency of knock down was determined by Western Blotting
7.
ELISA. R& D duoset ELISA kits (catalogue number DY204) wereused for detection
of IL-4 in culture supernatant following manufacturer’s protocol. Briefly, plates were
coated with capture antibody and incubated overnight at 4
oC. Next day plates were
washed with wash buffer (supplied) and samples were added after blocking the plate
withblockbuffer(supplied).Plateswerewashedandbiotincoateddetectionantibody
addedfor2hoursatroomtemperature.Signalwasdevelopedbyaddingstreptavidin-
HRP followed by addition of substrate (R & D). Reaction was stopped using 2N
H2SO4. Optical density of each well standard and sample was determined at 450 nm.
ELISPOTassay.ELISPOTassaysforIL-4wereperformedwithhumanIL-4ELISPOT
kits(R&Dsystems).Forthis,polarizedcellswerere-stimulatedafter7daysofculture
withPMA(5ng/ml)for18-20 h.Manufacturer’sinstructionswerefollowed.Brieflya
total of 50,000 cells were spotted per well on a plate precoated with respective
antibodies. Plate incubated overnight at 37uCi nC O 2 incubator. Cells were removed,
biotin labeled detection antibody was followed by washing and addition of
streptavidin labeled alkaline phosphatase. BCIP/NBT substrate was then added that
generatedblackbrownspotatrespectivelocuswherecellssecretingthatcytokinewas
found. Spot forming units were counted and analyzed by using an immunospot
reader (CTL Analyzers, LLC, Cleveland, OH).
Flow Cytometry. For surface staining cells were harvested and washed in PBS.
Approximately one million cells per tube were taken, blocked in 2% FCS in PBS or
0.5% BSA in PBS for 10-20 minutes on ice followed by staining as recommended by
antibody provider, one hour on ice or RT. Cells were then washed in FACS wash
buffer (0.5% BSA in PBS). Appropriate single stain control was taken for
compensation when doing multicolor flow Cytometry.
Forintracellularstainingcells werefixed in3–4 %Formaldehyde for10 minutesat
room temperature followed by permeabilization in 90% methanol for 30 minutes on
ice.Non specificblockingwasdoneby0.5%BSAinPBS for10minatRTfollowedby
surface staining, if any, followed by washing and intracellular staining by either
labeled primary antibody or unlabeled primary with labeled secondary antibody.
After each staining step cells were washed prior to addition of new antibody with
FACS wash buffer. After last staining step cells were washed and resuspended in
500 ul of PBS/wash buffer for acquisition.
ForCFSElabelingcellswerewashedwithRPMItoremoveanyFCS,10millioncells
werelabeledpermlofRPMIinfinalconcentrationof5mMat37degreesinincubator
for10minutes.Anequalvolumeof100%FCSwasusedtostoplabelingandcellswere
washed three times prior to culture. In all cases data were acquired on FACSCalibur
and analyzed using FlowJo.
RNAIsolation, cDNA preparation, microarray hybridization andscanning. After
6dayofculturecellswereharvestedandkeptinRNALateruntillRNAisolation.RNA
was purified using Qiagen’s RNeasy minikit (Cat#74104) and quality was checked by
Agilent Bioanalyzer. TheRNA Integrity scoreforall samples wasat least greater than
9. Labeling was done using Agilent’s Quick-Amp labeling Kit (p/n:5190-0444) with
T7 promoter based-linear amplification to generate labeled complementary RNA
(One-Color Microarray-Based Gene Expression Analysis). Hybridization was done
usingAgilent’sInsituHybridzationkit5188-5242.SlideswerescannedusingAgilent
Microarray Scanner (G2565BA) followed by data extraction by Agilent Feature
Extraction software version 9.5.3. Scanned images were overall clean, uniform
intensity and with very low background noise. Percentile Shift Normalization was
done using GeneSpring GX 10 Software .
Microarray studydesignandidentificationofdifferentially expressed (DE)genes.
Therewerealtogetherthreegroupsnamely,(i)Unstimulated(UNST),(ii)Stimulated
by plate bound CD3, CD28 monoclonal antibodies in presence of rhIL-4 (TIL4) for 6
days and (iii) TIL4 stimulation with IL-4/R neutralizing antibodies added on day 3,
day 4 and day 5 (ABS). IL-4 dependent genes were selected from Day 6 data. Only
genessignificantlydifferentiallyexpressed(p,0.05)fromTIL4andABSascompared
tounstimulated groups werechosenforfurtheranalysis.IL-4dependent upregulated
genes are those which are upregulated (Fold above 11) after triggering TCR in
presence of IL-4 and whose expression go down (Fold below -1) when IL-4/R
neutralizing antibodies are added. Similarly IL-4 dependent down-regulated genes
are those whose expression level go down (Fold below -1) on triggering TCR in
presence of IL-4 and whose expression go up (Fold above 11) after antibody
treatment.MicroarraydatahasbeensubmittedinGeorepositoryatNCBI(Accession
Number: GSE16022).
Gene Ontology (GO). GO analysis was done on Explain analysis system interface.
Biobase knowledge Library (BKL) manual curation was used for the analysis. P value
cutoffusedwas0.01.AllthreeGOcategories;BiologicalProcess,MolecularFunction
and Cellular Component were included.
MATCHAnalysis.Putativetranscriptionfactorbindingsitesearchonthepromoters
of DE genes have been performed using professional version of MATCH program
18.
MATCH Identifies binding sites of a given transcription factor on the promoter of
given set of genes using collections of known transcription factor binding site (TFBS)
and positional weight matrices. We have used promoter region from -500 to 100
relative to TSS unless otherwise stated. Promoters from human housekeeping genes
were taken as a negative set unless otherwise stated. Only high quality matrices were
used for the analysis. P value cut off of 0.01 was used to extract significantly enriched
binding sites in test set.
Gene Set Enrichment Analysis. GSEA is a method of analyzing and interpreting
microarray and such data using biological knowledge. The data in question is
analyzed in terms of their differential enrichment in a predefined biological set of
genes
17. These predefined biological sets can be published information about
biochemical pathway or coexpression in a previous experiment.
GSEA was performed using GSEA version 2.07 from the Broad Institute at MIT.
Parameters used for the analysis were as follows. The data set had 13474 features
(Agilentprobes),whichwerecollapsedto7396genes.c2.cp.v2.5.symbols.gmtgeneset
wasusedforrunningGSEAand1000permutationswereusedtocalculatepvalueand
permutationtypewassettogene_set.Allbasicandadvancedfieldsweresettodefault
except for ‘‘Metric for ranking genes’’ and that was set to Diff_of_Classes.
Network analysis. Network visualization and analysis was done using cytoscape
38
and its plugin ‘‘Network Analyzer’’. Power law fitting of degree distribution was also
done using same cytoscape plugin.
Statistical analysis. Microsoft Excel T test was used to compare means. Paired two
tailed test was used to calculate p value. 95% confidence was used to reject null
hypothesis.
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